Zika virus (ZIKV) infection is associated with microcephaly, neurological disorders and poor pregnancy outcome 1-3 and no vaccine is available. Although ZIKV was first discovered in 1947, the exact mechanism of virus replication and pathogenesis still remains unknown. Recent outbreaks of Zika virus in the Americas clearly suggest a better adaptation of viral strains to human host. Understanding the conserved and adaptive features in the evolution of ZIKV genome will reveal the molecular mechanism of virus replication and host adaptation. Here, we show comprehensive analysis of protein evolution and changes in RNA secondary structures of ZIKV strains including the current 2015-16 outbreak. To identify the constraints on ZIKV evolution, selection pressure at individual codons, immune epitopes, co-evolving sites, and RNA structures were analyzed. The proteome of current 2015/16 epidemic ZIKV strains of Asian genotype is found to be genetically conserved due to genome-wide negative selection on codons, with limited positive selection. Predicted RNA structures at the 5' and 3' ends of ZIKV strains reveal substantial changes such as an additional stem loop which makes it similar to that of Yellow Fever Virus. Concisely, the targeted changes at both the amino acid and the RNA levels contribute to the better adaptation of ZIKV strains to human host with an enhanced neurotropism. c a g u g u g g g
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Zika virus (ZIKV) is an emerging disease strongly linked to poor pregnancy outcomes and birth defects specifically microcephaly, a condition with an abnormally small head 1, 4 . The virus is transmitted by mosquito vector Aedes aegypti and sexual contact [5] [6] [7] . Zika viral particle contains a positive sense, single-stranded RNA genome of about 10.7 kb 8 . The genome is organized as 5'UTR-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-2K-NS4B-NS5-3'UTR, with untranslated regions (UTR) flanking a protein-coding region. The latter encodes a single polyprotein (3423 amino acids) that is co-and post-translationally cleaved by cellular and viral proteases into multiple peptides. 5' and 3'UTR stem loop RNA structures have been shown to be critical for the initiation of viral genome translation and replication in other Flaviviruses.
ZIKV was originally isolated from a sentinel rhesus monkey in the Zika forest of Uganda in 1947 and the first human case based on serological evidence was reported in 1952 9 . Detailed history of ZIKV outbreaks and phylogeny are described 10 11,12 . Currently, the ZIKV strains are classified into three major genotypes or lineages, including West African (Nigerian cluster), East African (MR766 prototype cluster), and Asian 11 . For the first time in 2007, ZIKV outbreak was reported in the Pacific region at Yap Island in the Federated States of Micronesia 13 . Subsequent epidemics have occurred in French Polynesia in 2013 and the Americas including Brazil, Columbia, Guatemala and Puerto Rico in 2015 7, 14 . Genetic analysis revealed that the Asian genotype of ZIKV is responsible for the Pacific outbreaks 11, 12, [14] [15] [16] [17] .
The Zika virus African lineage (strain MR766) shares 96% and 56% amino acid identity with that of the ZIKV Asian lineage and dengue virus 2, respectively. Given the high mutation rate of RNA viruses 18 , this suggests that highly conserved features of the ZIKV genome may reflect elements critical for virus replication. In contrast, genetic variations in the ZIKV genome may reveal how viruses have adapted to new environments, such as human hosts. Sylvatic cycle comprising non-human primates and Aedes mosquitos with occasional involvement of human host was the original mode of transmission. Subsequent molecular adaptation of ZIKV to human host may be responsible for increase in virulence and current outbreaks. Previous studies have shown patterns of selection pressure, recombination events, and glycosylation in pre-epidemic ZIKV strains sampled from 1947-2007 12 . Recent studies on the epidemic strains have mainly focused on the phylogeography of ZIKV isolates 11, 15, 19 . However, detailed analysis on the molecular evolution of epidemic ZIKV strains is still lacking 17 .
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In this study, we performed comprehensive analysis on protein evolution and changes in RNA secondary structures of 46 ZIKV strains isolated from 1947 to 2016, including 20 strains responsible for the current 2015-16 outbreak. We demonstrate how evolutionary forces and constraints have shaped the genome of current epidemic ZIKV strains, including genome-wide negative selection on amino acid substitutions, co-evolving sites in the proteome, immune epitopes, as well as the roles of RNA structures in host adaptation and virus replication. We further discuss the implications of our results in the broader context of vaccine design and emergence of RNA viruses.
Identifying the origin and distribution of 2015/16 epidemic ZIKV strains would be crucial for diagnostics, vaccine development and disease management 12 . The evolutionary relationship of 46 ZIKV strains isolated from 1947 to 2016 showed one clade was formed by 28 Asian strains which included all twenty 2015/16 epidemic ZIKV strains, while the other by the 18 African strains ( Fig. 1 and Supplementary Fig. 1 ). Sequence alignments also confirmed deletions in the envelope protein glycosylation motif of the African lineages, which is not the case for Asian lineage ( Supplementary Fig. 2 ). The polyprotein synthesized by the coding region of 2015/16
ZIKVs strains had 99.6%-99.9% similarities, which denoted genetic conservation among current viral strains. These circulating strains had close genetic associations with non-epidemic human H/PF/2013 ZIKV (KJ776791) and differed in only 16 non-synonymous substitutions. Our findings also indicate that the Asian lineage has dispersed to several countries across the Asian and the American continents, whereas the dissemination of the African lineage was restricted to the countries within the African continent.
We evaluated genome-wide amino acid substitutions to understand the nature of selection pressure acting on each codon. Higher rate of synonymous (dS) substitutions than nonsynonymous (dN) substitutions is usually considered as the signature of negative selection, also known as purifying selection. For the 46 ZIKV genomes isolated from 1947 to 2016, 70% of the 3423 codons were found to be polymorphic, indicating substantial evolution in the viral proteome ( Fig. 2 ; Supplementary Table 1 ). Among the three different lineages, we found that 46-115 codons (1.3%-3.4%) were identified with higher rate of non-synonymous substitutions (dN>dS), while 560-1664 codons (16.4%-48.6%) had higher rate of synonymous substitutions (dN<dS).
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We carried out statistical tests of dN-dS for codons from each of the 11 protein segments of the Asian and West African lineages (Supplementary Text 1). For example, in the Asian lineage, 31 (26%) of 122 codons in the capsid (C) were polymorphic. Among the polymorphic codons, a higher rate of non-synonymous (dN>dS) and synonymous (dN<dS) substitutions was observed in 7 (6%) and 24 (20%) codons, respectively ( Fig. 2, Supplementary Fig. 3a-d) . The selection profiles for all the other segments in the Asian lineage were found to be qualitatively similar. We also observed an overall similar pattern of dN and dS in the West African lineage.
The nature of selection pressure exerted on each codon of different ZIKV data sets can be measured by obtaining the ratio of dN and dS ( Supplementary Table 2a ). This analysis showed that the dN/dS ratios of all data sets, especially both Asian and West African lineages were much smaller than one, with the highest values observed in the capsid (0.239) of the Asian lineage and in the pre-membrane (0.118) of West African lineages ( Supplementary Table 2b ).
Our results suggest that non-synonymous mutations have a lower probability of being fixed than the synonymous mutations, as changes in the protein sequence are on average more likely to decrease the replicative fitness of ZIKV. Thus, the proteome of the epidemic ZIKV strains is genetically conserved due to genome-wide negative selection on amino acid substitutions.
We subsequently examined the potential selection pressure applied by immune system on viral epitopes. We identified 106 CD4 T cell epitopes (TCEs) and 5 CD8 TCEs that had higher probability to induce an immune response (Supplementary Text 2). Among the 106 highly immunogenic CD4 TCEs, 10 peptides contained negatively selected amino acid sites. This observation indicates that immune escape variants can be strongly selected against due to fitness cost.
To identify higher-order constraints on the evolution of ZIKV proteome, we inferred potentially coevolving amino acid sites in the African and Asian lineages by computing correlation between the variations at each pair of codons ( Fig. 3a,b ). The effect of phylogeny on site linkage was cleaned by removing the contribution of the largest eigenvalue(s) from the correlation matrix (Supplementary Figs. 4 and 5) . Positive correlation between two sites implies that the corresponding double mutants are observed more frequently than if the mutations were to occur independently. In contrast, negative correlation between two sites implies that the double mutants are observed less frequently than if the individual mutations were to arise independently. In both cases, the dependence of one site on another implies epistasis, i.e. the Page 6 of 21 fitness effect of multiple mutations is considerably different from the additive effect of single mutations.
Among the 80 polymorphic sites in the African lineage, seven groups of sites showed significant pairwise correlation. The observed correlation between physical proximal sites, such as codon 1870-1872-1874 ( Fig. 3a) , may reflect epistatic interactions within a protein, NS3 in this case.
Correlation between sites of different proteins may suggest potential protein-protein interactions, which can be further studied via mutagenesis and protein structures.
There are 32 polymorphic sites in the Asian lineage due to the limited genetic diversity (Fig. 3b ).
Given the very different genetic background of African and Asian lineages, it is not surprising to see that the two coevolution networks are composed of different sites. The similarity between the two networks is that most of the pairwise interactions are positive. One well-known example of positive interactions is compensatory mutations, where the fixation of a second mutation rescues the preceding deleterious mutation 20 . Interpreting coevolving site data requires additional caveats which are discussed in Supplementary Text 3. The observed correlation can be further improved by utilizing larger sample size of fully sequenced Zika viral genomes.
Subsequently, we examined the RNA structures. Using the full-genome sequence of ZIKV (Supplementary Table 3 ), we performed a comparative analysis of RNA secondary structures in the 5' and 3' UTR ( Fig. 4 ). The RNA structure was analyzed for each strain by IPknot, one of the most accurate single-sequence prediction method 21, 22 . The dendrogram is constructed based on the dissimilarity between RNA secondary structures. Similar to the phylogenetic tree based on genetic distance of protein sequences, the RNA structures of the African lineage and Asian lineage are separated into two clusters, suggesting that the RNA structures in UTR have evolved in parallel to the proteome.
Stem Loop A (SLA) in the 5' UTR is conserved among African and Asian strains, which is also observed in other Flavivirus genomes ( Fig. 4a ). Compared to the African strains, there is an additional stem loop in the Asian strains before the coding region. Thus, the 5' UTR structure of the epidemic strains seems to have evolved and become more similar to Yellow Fever Virus 23 . in other Flavivrus 24 . The 3' UTR has been proposed to play a critical role in host adaptation and pathogenesis of Flavivirus [25] [26] [27] , and its huge variations may indicate conflicting selection in different hosts. We found that RNA structures of strains isolated in three different hosts, including Sentinel monkey (African lineage), mosquito (African lineage) and human (Asian lineage), displayed many variations except 3' SL ( Supplementary Fig. 6 ). Although the mechanism underlying these changes are largely unknown, one possible explanation provided by studies in Dengue virus points to subgenomic viral RNAs produced near the 3' end, where the cellular exoribonuclease is stalled by pseudoknots in 3' UTR 28 .
In additional to SLA and 3' SL, we found that RNA structural elements involved in genome cyclization are highly conserved across African and Asian strains of ZIKV ( Supplementary Fig.   7 ). Base-pairing of complementary sequences from the 5' and 3' terminals results in RNA cyclization, which is essential for RNA replication of Flavivirus (Villordo and Gamarnik 2009).
The two pairs of complementary sequences, including 5'-3' complementary sequences (5'-3' CS) and 5'-3' upstream AUG region (5'-3' UAR) 23 , are identical in all the strains we examined.
We further extended the analysis of RNA structures to the coding region ( Supplementary Fig.   8 ). From the predicted RNA structure of 300 bp at the 5' end of coding region (i.e. capsid protein) or at the 3' end of coding region (i.e. NS5 protein), we identified a few conserved elements by comparing the consensus structure of African strains with Asian strains. The capsid hairpin downstream of the start codon, which is known to be involved in translation initiation, is conserved 23 . In addition, we identified 3 other conserved hairpins in the capsid protein and two conserved hairpins in the NS5 region. The prevalence of conserved structures in coding regions is consistent with previous findings in other RNA viruses, including HCV and HIV 29 . Whether these conserved structures of ZIKV are functional in virus replication remain to be elucidated.
Experiments to probe the function of RNA structures in ZIKA genome of various lineages in different hosts will elucidate the importance of their roles in virus replication (e.g. cyclization), host adaptation (e.g. pseudoknots in 3' UTR) and emergence. In future studies, the prediction of These methods are described in detail elsewhere [6] [7] [8] [9] [10] [11] [12] . Page 12 of 21
MATERIALS AND METHODS

Analysis
The predicted peptides were tested for their immunogenicity using immunogenicity prediction tool 20 , here the peptide with higher immunogenicity score indicates a greater probability of mounting an immune response. identified by more than one method in the datamonkey were denoted by bold. Supplementary Table 7 . Classification of predicted CD4 and CD8 TCEs of 2015/16
BeH819966 ZIKV (KU365779) based on their immunogenicity scores. Supplementary Table 8a . List of CD4 peptides predicted from 6 proteins/segments of 2015/16
ZIKV. Only immunogenic and highly immunogenic peptides with their immunogenicity scores and position in the respective protein furnished. Peptides comprise negatively selected sites were highlighted in yellow. Supplementary Table 8b . List of CD8 peptides predicted from 6 proteins/segments of 2015/16
ZIKV. Only immunogenic and highly immunogenic peptides with their immunogenicity scores and position in the respective protein furnished. Peptides comprise negatively selected sites were highlighted in yellow.
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Supplementary Text 1:
Statistical tests of positively and negatively selected sites.
We identified 10 codons with dN>dS in both Asian and West African lineages, as well as 426 codons with dN<dS in both lineages ( Supplementary Fig. 3 , Supplementary Table 4 ). It suggests that adaptive evolutionary strategies of viruses from both Asian and African lineages were independent as they exploited only a small rational of common codons with excess of dN during the course of evolution. Notably, the codons with excess of dS exploited by two lineages are more than the codons that are unique to Asian lineage, indicate that the fraction of patterns of synonymous changes occurred in two lineage viruses are common, however the Asian strains have evolved with unique dS changes as fitness effects, because they are geographically spread in Asia and America continents.
Supplementary Table 2a shows the results of dN/dS ratio estimation. Analysis includes 46
ZIKVs ( Supplementary Tables 5 and 6. A single positively selected site (894; IFEL, p-value 0.08) was identified by a single method with no statistical significance. Our data showed that a total of 11 of 24 negatively selected amino acid sites were inferred with statistical significance. The present result indicates that the 2015/16 epidemic ZIKVs had evolved through purifying selection pressures, which was predicted to assist the viruses for better adaptation to the human and reduce the efficiency of active immunity. Results provided are consistent with the recent findings on Filovivirus 12 , but different from the current prevailing hypothesis that genes encoding antigens can be highly variable to evade host immunity [21] [22] [23] . In natural selection analysis, the significance of one method alone is not sufficient to infer that a given amino acid site underwent either positive or negative selection pressure 5, 7 . In the present study, no positively selected sites have been detected by more than one method, whereas, out of 11 statistically reliable negatively selected Page 17 of 21 sites from polyprotein, only 2 sites (360 and 3358) were identified by more than one method (FEL: p-values 0.05, 0.02; FUBAR: posterior probabilities 0.90, 0.98), thus, these 2 amino acid sites predicted to be more reliable. Interestingly, we were able to identify a single amino acid site (894; IFEL, p-value 0.08) in the polyprotein, which underwent positive Darwinian selection.
Amino acid sites of ZIKV polyprotein under negative selection pressures were comparatively higher. A single negatively selected site (position 3358) identified by IFEL (p-value 0.07) was not statistically significant, but the same site identified by FEL (0.02) and FUBAR (posterior probability 0.98) was statistically significant. Moreover, 22 of 24 sites were identified by FEL without statistical significant. Therefore, only amino acid sites that have been detected by more than one method are finally considered as positively or negatively selected sites.
It should be noted that dN/dS tends to be biased towards one in the type of sequence samples that we had. This is because the polymorphism that we see are not actually fixed substitutions, which are assumed and generally true in the case of divergent protein sequences. This bias is independent of sample size. Another concern is the small sample size, especially for the "per site" estimation of dN and dS, which is not average over codons in the same protein. This uncertainty in the dN and dS values makes it difficult to find sites under "significant" negative or positive selection. The actual sites under negative selection can be much more.
Estimation of relative evolutionary distance.
In Fig. 1 , the branch lengths have scaled to indicate the relative evolutionary distance between the Zika viral strains. Further comparison of genetic distance (GD) 3 within and between the 3 lineages showed that the GD (0.011) interior of the clade Asian was differ to clade African (0.059). Within the African clade, East African and West African lineages showed 0.022 and 0.068 as GD, respectively. The GD/net GD between the Asian and East and West African clades were 0.128 (GD)/0.111 (net GD) and 0.133/0.094, respectively, whereas the GD/net GD between East and West African clades was 0.058/0.013 indicate that the ZIKVs from both African clades were genetically similar, however significant differences in their genome made them into two lineages. It is noted that the inter-lineage sequence variation in the 3 ZIKV lineages was comparatively higher than an intra-lineage sequence variations. The overall mean of base differences per site from averaging over all ZIKV sequence pairs was estimated to be 0.091 indicate that the overall sequence conservation of 46 strains studied was more. Figs. 3 and 4) . Moreover, the number of polymorphic sites in our data is small. When more sequence data are available, the dimensions of the correlation matrix will increase and the noise can be cleaned up by removing eigenvalues below the threshold given by random matrix theory 26, 27 . As more ZIKA genome sequences are accumulated, we expect that these limitations will be alleviated and we will be at a better position to evaluate the influence of higher-order constraints on virus evolution (e.g. epistasis, protein-protein interactions).
Assuming that the inferred correlation between amino acid sites is real, we note the linkage in evolution can be due to reasons other than protein evolution. One interesting example is the cluster of coevolving codons 6-10 identified in the African lineage. By examining the sequence alignment, we found that ZIKA genomes had a deletion of C in codon 3 and an insertion of U in codon 11, compared to the two earliest isolated strains in 1947 (AY632535, NC_012532). The overall shift in the nucleotide sequence explains why codons 6-10 are found to be linked together in evolution. Interestingly, this pair of insertion and deletion was reverted in an Asian strain isolated in 2007 (EU545988), which is phylogenetically close to the African lineage.
Like many other RNA viruses, mutations in the coding region of ZIKV are also subject to RNA selection 28 . In the above example of deletion and insertion downstream of the start codon, we do not know whether this combination of insertion and deletion was selected due to amino acid changes of this stretch of amino acid in capsid, or due to RNA structure. RNA structures in the 5' end coding region is important for cyclization and could potentially be interacting with nonstructural proteins in the replication complex ( Supplementary Fig. 8 ). Thus, some linkages among amino acid sites are potentially caused by selection at the RNA level, which is a unique feature of RNA viruses. 
